The properties of single Ca 2+ -activated K + (BK) channels in neonatal rat intracardiac neurons were investigated using the patch-clamp recording technique. In symmetrical 140 mM K + , the single-channel slope conductance was linear in the voltage range -60/+60 mV, and was 207±19 pS. Na + ions were not measurably permeant through the open channel. Channel activity increased with the cytoplasmic free Ca 2+ concentration ([Ca 2+ ] i ) with a Hill plot giving a half-saturating [Ca 2+ ] (K 0.5 ) of 1.35 µM and slope of ≅3. The BK channel was inhibited reversibly by external tetraethylammonium (TEA) ions, charybdotoxin, and quinine and was resistant to block by 4-aminopyridine and apamin. Ionomycin (1-10 µM) increased BK channel activity in the cell-attached recording configuration. The resting activity was consistent with a [Ca 2+ ] i <100 nM and the increased channel activity evoked by ionomycin was consistent with a rise in [Ca 2+ ] i to ≥0.3 µM. TEA (0.2-1 mM) increased the action potential duration ≅1.5-fold and reduced the amplitude and duration of the afterhyperpolarization (AHP) by 26%. Charybdotoxin (100 nM) did not significantly alter the action potential duration or AHP amplitude but reduced the AHP duration by ≅40%. Taken together, these data indicate that BK channel activation contributes to the action potential and AHP duration in rat intracardiac neurons.
Introduction
In central and peripheral neurons, action potentials are followed by an afterhyperpolarization (AHP) lasting from tens of millisecond to several seconds. The AHPs have been shown to be due to the activation of Ca 2+ -activated K + conductance(s) following Ca 2+ influx via depolarization-activated Ca 2+ channels during the action potential. In mammalian sympathetic neurons, at least three classes of Ca 2+ -dependent K + currents have been identified according to their kinetics and pharmacology [1, 4, 37] . In rat superior cervical ganglion neurons, the Ca 2+ -dependent K + current is voltage dependent and is comprised of two components with distinct activation kinetics [4, 35] . Two of these currents are involved in the generation and shape of the AHP, the principal class of which has been termed I K,Ca1 or I AHP . This current functions primarily to repolarize the membrane from the peak of the action potential. I K,Ca1 in sympathetic ganglion cells from rat and guinea-pig [4, 19, 23] is blocked by nanomolar concentrations of apamin. A second, slow Ca 2+ -dependent K + current, I K,Ca2 , is found in some sympathetic neurons [7, 19] exhibiting a long afterhyperpolarization (LAH). This current is voltage insensitive and its activation is secondary to either Ca 2+ influx or release from internal stores. I K,Ca2 is blocked by agents such as ryanodine which inhibit Ca 2+ mobilization from intracellular stores, but is insensitive to apamin and tetraethylammonium (TEA).
The only class of Ca 2+ -activated K + channel in mammalian autonomic neurons categorized according to its unitary conductance is a large-conductance (≅200 pS; BK or maxi K) Ca 2+ -dependent K + channel [17, 41] . This large-conductance Ca 2+ -dependent K + channel is activated by an elevation of the cytoplasmic free Ca 2+ concentration and is modulated by membrane potential. The macroscopic current corresponding to activation of BK channels is termed I C and has been shown to be blocked by TEA ions and the scorpion toxin charybdotoxin (ChTX) [20] . It is largely on the basis of the effects of TEA and ChTX on the repolarization phase of the ac-tion potential and AHP, that BK channels have been suggested to regulate the shape of the action potential and neuronal firing behaviour.
In neonatal and adult rat intracardiac neurons, the Ca 2+ -dependent K + current (I K,Ca ) accounts for approximately one-third of the total outward K + current [45, 46] . The action potential repolarization is not affected by the Ca 2+ channel blocker, Cd 2+ , but the magnitude and duration of the AHP are reduced in the presence of either Cd 2+ or Ca 2+ -free external solutions [45, 46] . Superfusion of Ca 2+ -free solutions has been reported to cause a small membrane depolarization in rat intracardiac neurons [40] and it has been suggested that I K,Ca may contribute to the resting membrane potential.
The aim of the present study is to characterize the Ca 2+ -dependent K + channels, their contribution to the action potential and AHP in the soma membrane of rat intracardiac neurons and to assess the ability of these channels in cell-attached membrane patches to monitor changes in the submembrane Ca 2+ concentration. A preliminary report of some of these results has been presented to the Società Italiana di Fisologia [42] .
Materials and methods

Cell preparation
Parasympathetic neurons from neonatal rat intracardiac ganglia were isolated and cultured as described previously [46] . Briefly, 2-to 8-day-old rats were stunned and decapitated, the hearts were excised and placed in a saline solution containing (in mM): 140 NaCl; 3 KCl; 2.5 CaCl 2 ; 0.6 MgCl 2 ; 7.7 glucose and 10 histidine, (pH 7.2). The atria were separated and the medial region containing the pulmonary veins and superior vena cava was identified, isolated and incubated in the above saline solution, containing 1 mg ml -1 collagenase (Type 2, activity ≅200 units mg -1 , Worthington Biochemical, Freehold, N.J., USA). Following enzyme digestion, the ganglia were removed and neurons were dispersed by trituration in a high-glucose culture medium [Dulbecco's modified Eagle media, containing 10% (v/v) fetal calf serum, 100 units/ml penicillin and 0.1 mg ml -1 streptomycin], using a fire-polished Pasteur pipette. The dissociated neurons were plated on to laminin-coated 18-mm glass coverslips and incubated at 37°C in a 95% air:5% CO 2 atmosphere for 24-60 h. For experimentation, coverslips containing dissociated neurons were transferred to a perfusion chamber (0.5 ml volume) mounted on an inverted microscope and individual cells were identified under 400× magnification using phase-contrast optics.
Electrophysiological recording
Single-channel recordings were made using the cell-attached, outside-and inside-out configurations of the patch-clamp technique [18] . Pipettes were pulled from borosilicate glass (Hilgemberg, Malsfeld, Germany) using a PUL-100 pipette puller (WPI, Sarasota, Fla., USA) and following fire polishing had resistances of 10-15 MΩ, corresponding to an estimated tip area of about 0.5-0.8 µm [38] . Single-channel currents were recorded using a List L/M EPC-7 patch-clamp amplifier (List-Electronic, Darmstadt, Germany). Voltage protocols were applied using pClamp software (Version 5.5, Axon Instruments, Foster City, Calif., USA). Signals were filtered at 1 kHz then digitized at 10 kHz (Digidata 1200 interface, Axon Instruments) and stored on the hard disc of a PC (Pentium, 100 MHz) for viewing and analysis.
Current-clamp recordings were made using the amphotericin B-perforated patch whole-cell recording configuration and conventional dialysed whole-cell configuration, recordings were made using an Axopatch 200A patch-clamp amplifier (Axon Instruments). Data were filtered at 10 kHz and digitized at 60 kHz.
Solutions and drugs
Bath solution was a physiological salt solution (PSS) containing (in mM): 140 NaCl; 3 KCl; 2.5 CaCl 2 ; 2 MgCl 2 ; 7.7 glucose and 10 MOPS (pH 7.2). In inside-out experiments the cytoplasmic side of the patch was perfused with a solution containing (in mM): 130 KCl; 1 MgCl 2 ; 10 MOPS and 1 EGTA-K. CaCl 2 was added at the concentration necessary to obtain the desired free Ca 2+ concentration using a dissociation constant for Ca-EGTA at pH 7.2 of 10 -7 M. The same solution was used to fill the pipette in outsideout experiments. 
Data analysis
The open probability of the channel was calculated from amplitude histograms of 60-s recordings in which only a single channel was present. The presence of only one active channel in the patch was verified by preliminary recording at positive potentials and high [Ca 2+ ]. The clampfit program (Axon Instruments, ver. 5.5) was used to fit the histograms with Gaussian curves.
The duration of open and closed intervals was measured by using the 50% threshold method [9] and the events were binned according to the logarithm of their duration [25] . The resulting distributions of open and closed events were fitted with the sum of exponential functions and the minimum number of components was estimated by the maximum likelihood method [25] . An additional exponential component was considered significant when the increase in the logarithm of the likelihood obtained was >3. To reduce the possibility of detecting "phantom" exponential components in the kinetic analysis, the events with a duration shorter than twice the dead time of our system (230 µs, measured as the minimal duration of a detected square-wave current) were excluded from the fitting. Stability plots were constructed as described by McManus and Magleby [27] . Briefly, the mean durations of groups of 50 sequential open intervals were measured for a continuous recording of about 5000 open events and plotted against sequential interval number. Data are expressed as mean ±SEM.
Results
Ionic selectivity and conductance
Excised outside-and inside-out membrane patches contained an average number of three to four active largeconductance (BK) channels in the patch. The large-conductance channels were studied in >100 excised membrane patches; however, the presence of other types of Ca 2+ -activated K + channels cannot be excluded. Although a small-conductance K + -selective channel was observed occasionally (n<10 patches), further experiments to test its Ca 2+ dependence were not undertaken. Some membrane patches contained a smaller channel poorly selective for K + versus Na + , and Ca 2+ insensitive, that could be easily recognized by its flickering kinetics.
Representative single-channel traces obtained at the indicated membrane voltages in symmetrical 140 mM K + are shown in Fig. 1A . Unitary currents were obtained in the presence of 3 µM Ca 2+ intracellularly. Figure 1B shows a typical current-voltage (I-V) curve obtained from an outside-out patch in either symmetrical 140 mM K + , or in 140 mM [K + ] i and 140 mM [Na + ] o . The I-V plot obtained in symmetrical conditions did not exhibit any rectification in the range -60/+60 mV. Only when depolarizations >+80 mV were applied was a reduction in channel conductance observed (data not shown). Best linear fit of the data gave a slope conductance of 202 pS and the average single-channel conductance was 207±19 pS (n=7). Replacing 140 mM K + with 140 mM Na + plus 3 mM K + , the I-V relation became non-linear and a clear reversal potential could not be measured at hyperpolarized potentials as the current became asymptotic to the abscissa. The single-channel conductance was highly variable in different patches and in asymmetrical conditions the unitary current amplitude at 0 mV varied in the range 4.2-4.9 pA.
Ca 2+ and voltage dependence
The open probability (P open ) of the BK channel was dependent both on membrane potential and [Ca 2+ ] i . To assess the dependence of P open on both of these parameters, two series of experiments were carried out in which P open was measured first as a function of Ca 2+ concentration at a fixed potential (0 mV), and then as function of membrane potential at three different [Ca 2+ ] i (0.1, 1 and 3 µM). These experiments were carried out with 140 mM internal K + and external Na + (plus 3 mM K + ). Figure 2A shows representative single-channel traces recorded at a membrane potential of 0 mV from inside-out patches exposed at the indicated [Ca 2+ ] i . Open probabilities obtained from these experiments did not approach unity, even for [Ca 2+ ] i higher than 10 µM since the channel activity was occasionally interrupted by long closures lasting several seconds. These long closed states have been reported previously and interpreted as inactivated [3] or Ca 2+ -blocked [24] states. More recently, it has been proposed that they are due to BK channel block by Ba 2+ ions contaminating the solution [12] . Therefore, these long inactive periods (>2 s) are ignored in the analysis of the Ca 2+ and voltage dependence of the channels since they probably do not represent the intrinsic gating behaviour of the channel. Under these conditions, the measured P open at different [Ca 2+ ] i ranged from 0 to 1 and were distributed according to the Hill equation. Single-channel conductance in symmetrical conditions was linear in the voltage range -60 to +60 mV, and data points could be well fitted by a line. The slope conductance resulting from the best fit of the data was 202 pS. Experimental points obtained in asymmetrical conditions (q q), interpolated with a polynomial function, did not display a clear reversal potential might have been more convenient to determine P open , particularly at negative potentials, we used physiological ionic conditions. Furthermore, it has been reported that variations in the concentration of some ionic species and in particular external K + , may significantly alter the P open of the channel [32] . Lower or higher Ca 2+ concentrations than those used induced a channel activity too close to either 0 or 1 at any test voltage, respectively, to preclude an adequate fit. Fit of the data relative to the three cells shown in Fig. 2C produced half-maximal activation potentials of +53, +7 and -64 mV, and slope factors (expressed as mV/e-fold) of 11, 8.2 and 12.8 respectively for [Ca 2+ ] i of 0.3, 1 and 3 µM. As done previously, long closures (>2 s) that occurred mostly when strong depolarizations were applied were ignored for the analysis. Ca 2+ concentrations was selected so that, in the voltage range examined (-60/+60 mV), an adequate set of data to be fitted with Boltzmann distributions could be collected. Although the use of symmetrical K + conditions Steady-state kinetics A 70-s-long single-channel recording at 0 mV was used to analyse the steady-state kinetics of the BK channel. Since BK channels have been shown to exhibit changes in kinetic behaviour, shifting between different modes of activity in a variety of preparations [27] , we first examined the kinetic stability of the BK channel. To look for possible different kinetic modes in the behaviour of the channel and to test its stability over time, the mean durations of groups of sequential open and closed intervals were plotted against sequential interval number to form stability plots [27] . Figure 3A plot is an indication of the presence of many closed states in the kinetic scheme of the channel. These plots indicate that the BK channel is kinetically stable over time, and its properties can be analysed by using the Markovian model [8] . Furthermore, the minimum number of kinetic states necessary to describe the channel behaviour was determined by plotting the dwell time distributions for open and closed states and determining the exponential components needed to reproduce these distributions. Figure 3B , C present the dwell time distributions in a double logarithmic plot obtained from the same single-channel recording used to construct the stability plot. The open circles plot the experimental observations (≅5000 for each plot) and the continuous line represents the best fit obtained using the method of maximal likelihood [9, 27] . With our experimental resolution (dead time 230 µs) we could determine a minimum of two and three exponential components for the open and closed states, respectively, in this single-channel recording. Very long closures of several seconds were also present in the single-channel recording from which the closed dwell time plot was constructed. However, because of their rare occurrence, the area of this component was too small to obtain an accurate fit.
Blockade by external TEA ions
To define a pharmacological profile of the channel, the effects of several K + channel inhibitors were tested. External application of TEA at micromolar concentrations reduced the apparent single-channel current amplitude, which was accompanied by an increase in channel flickering. A similar effect, previously observed in rat sympathetic neurons [41] , is consistent with a mechanism of block where block and unblock rate constants of TEA are too fast to be fully resolved. That is, the reduction in single-channel current is only an artefact of the low-pass filter and the sampling rate used in the digitization of the data [6, 47] . According to this view, the amplitude of single-channel current measured in the presence of the drug depends on the ratio between the mean residence time for the open-blocked and unblocked states of the channel. Unitary current traces in control conditions and in the presence of 50 and 200 µM of TEA are shown in Fig. 4B . These records clearly show that the TEAinduced current reduction is associated with increased channel flickering. The single-channel current amplitude measured in the presence of varying blocker concentrations (see Fig. 4A ) can be used to determine the efficacy of block through a dose-response curve. In Fig. 4B a graph is shown in which the single-channel current, normalized to the control value, is plotted as function of TEA concentration. Figure 4B shows that at TEA concentrations higher than 400 µM, the single-channel current becomes too small to be measured, whereas a concentration of 180 µM is necessary to reduce the current by ≅50% of its control value. Data points, fitted according to the equation I TEA /I con =1/(1+[TEA] n /K 0.5 ) yielded a Hill coefficient of 1.2.
Sensitivity to K + channel toxins and drugs
The efficacy of ChTX and apamin was tested on the BK channel. The channel was blocked by nanomolar concentrations of ChTX but not by apamin (up to 1 µM). A representative single-channel current recording is shown in Fig. 5A in control conditions, and following bath application of 1 nM ChTX (arrow). Addition of the ChTX strongly reduced the P open of the channel and fractioned the activity in bursts. Within a burst, however, the kinetics of the channel did not show obvious differences. The effect of the toxin was totally reversible after prolonged washout. These data are consistent with the block mechanism proposed by Miller et al. [28] in which the toxin reversibly blocks the channel by binding to it in a bimolecular fashion with very slow rate constants. Given that the mechanism of ChTX block of K + channels is supported by substantial evidence [21, 28] , and given the large amount of data required for a rigorous test of its validity, only two of the several predictions that this model allows were tested. In particular, we verified that addition of ChTX did not induce modification of the intraburst kinetics of the channel, and that by increasing the toxin concentration only the burst duration (inversely related to the product k on ·[ChTX]) decreased, whereas the interburst duration (only related to k off and not depending on [ChTX]) remained unaffected (data not shown).
The effect of externally applied quinine on single BK channel activity was also examined. Quinine block has the typical features of open-channel block, namely it induces a flickering behaviour and reduces the current amplitude at higher concentrations. Representative singlechannel traces, shown in Fig. 5B , were recorded from an excised outside-out patch in control conditions and in the presence of 50 µM quinine extracellularly. At this concentration, quinine not only induces the characteristic flickering, but also reduces the apparent single-channel conductance.
Activation of BK channels in cell-attached patches by ionomycin A series of experiments was carried out using the cellattached recording configuration to demonstrate the use of the BK channel as a probe for changes in submembrane [Ca 2+ ] i . In a typical experiment, unitary currents were initially recorded under control conditions to verify that the BK channel was present, its activity compatible with the physiological [Ca 2+ ] i , and its kinetics stable over time. The activity of the same channel was then recorded after bath application of ionomycin which raises [Ca 2+ ] i through influx of Ca 2+ across the plasma membrane. In Fig. 6A , C, representative unitary currents are shown, together with the relative amplitude histograms, obtained in control conditions from a cell-attached patch 634 Fig. 5A , B Charybdotoxin and quinine inhibition of Ca 2+ -dependent K + channels. A The upper trace shows ≅100 s of singlechannel recording from an outside-out patch containing two active channels, before and after addition of 1 nM charybdotoxin (ChTX). In presence of the toxin, the activity of the channel is strongly reduced and the channel opens only in brief bursts. The lower traces show on an expanded time scale the activity of the channel in control conditions and within a burst in the presence of the toxin. Note that ChTX does not affect the kinetics of the channel, but only induces long periods of inactivity, consistent with a block mechanism where the drug binds and unbinds to the channel with very slow rate constants. Membrane potential was 0 mV and internal and external solution contained 140 mM K + and 140 mM Na + , respectively. Free internal [Ca 2+ ] was 3 µM. B Control traces at 0 mV recorded from two different outside-out patches with internal and external solutions containing 140 mM K + (free Ca 2+ 3 µM) and 140 mM Na + , respectively. The effects of addition of external quinine (50 µM) are shown below. A pronounced increase in channel flickering is evident and at the quinine concentration used a significant reduction in current amplitude can also be observed due to incomplete resolution of single events caused by the fast block and unblock rate constants held at +120 mV (estimated membrane potential ≅ -50 mV). As indicated by the amplitude histograms, the channel activity was very low, (P open <0.1) and compatible with a [Ca 2+ ] i lower than 0.1 µM.
Addition of 5 µM ionomycin induced a large increase in channel activity, evident both from the traces and the amplitude histograms of Fig. 6B, D . The increase in channel activity evoked by ionomycin is consistent with a [Ca 2+ ] i of about 0.3 µM (see Fig. 2C ), which is slightly lower than that reported to be present in human T lymphocytes [44] . Open probabilities measured in the presence of 5 µM ionomycin, from two 120-s single-channel recordings, were 0.31 and 0.27, respectively, compared to the corresponding control values of 0.008 and 0.013 obtained in the absence of ionomycin. Single-channel activity was highly variable during drug application, suggesting that the Ca 2+ level in microdomains may change significantly with time. The effects of ionomycin could not be reversed even after several minutes of washout, suggesting that after the cytoplasm is exposed to large amounts of Ca 2+ ions, the buffering capacity of the cell may be compromised.
BK channel contribution to the action potential and AHP
The effects of the K + channel inhibitors ChTX, iberiotoxin, apamin and TEA on action potential configuration and AHP were investigated in isolated neurons from rat intracardic ganglia using the perforated-patch whole-cell recording technique. The membrane potential was held at either -60 or -50 mV under current-clamp conditions and single action potentials were evoked by depolarizing current pulses of 500 pA for 2 ms. In neurons held at -60 mV, the control action potential amplitude and duration at 0 mV were 112.1±2.1 mV and 1.60±0.5 ms (n=28), respectively. The mean AHP amplitude was -12.6±0.5 mV (n=28) and reversed at approximately -90 mV, close to the K + equilibrium potential. The duration of the AHP was highly variable ranging from approximately 50 to 250 ms, reflecting the heterogeneity of the intracardiac ganglion neuron population [2, 13, 40] . Apamin (1 µM, n=4), iberiotoxin (100 nM, n=6) and ChTX (100 nM, n=6) had no significant effects on the amplitude or duration of the action potential. TEA (200 µM) had the most profound effect on the action potential (Fig. 7A) , whereby the action potential amplitude was increased to 1.13±0.1 (n=5) times control and its duration at 0 mV was increased 1.46±0.2-fold (n=5). In neurons held at -50 mV, the AHP amplitude (-17.1±0.6 mV, n=14) was slightly but not significantly reduced in the presence of 100 nM ChTX (n=7; P>0.05) but the duration of the AHP in all neurons studied was reduced by 40±6% (n=7; P<0.01) (Fig. 7B) . In contrast, the amplitude of the AHP was reduced by 26±3% (n=9) upon bath application of TEA (0.2-1 mM). Inhibition of Ca 2+ influx through depolarization-activated Ca 2+ channels with bath application of 100 µM Cd 2+ reversibly decreased the AHP amplitude by 34±5% (n=3; Fig. 7C ) similar to that observed in the presence of TEA.
Discussion
In the present study, we have described the biophysical and pharmacological properties of the large-conductance, Ca 2+ -dependent K + (BK) channels in soma mem- brane of neonatal rat intracardiac neurons. BK channels were activated by both membrane depolarization and an increase in [Ca 2+ ] i . Each of the four α-subunits that form the BK channel is made of two functional parts: a transmembrane domain including the voltage sensor, and an extended tail containing the intracellular Ca 2+ binding domain [39] . The single-channel conductance of 207±19 pS in symmetrical 140 mM K + solutions is similar under the same ionic conditions to values reported for BK channels in rat sympathetic neurons (≅200 pS) [41] , rabbit coeliac neurons (180-220 pS) [17] , rat motoneurons (214 pS) [36] and rat hippocampal neurons (220 pS) [14] . As observed for other BK channels, the channel was selective for K + ions, and Na + ions were not measurably permeant through the open channel. The membrane potentials for half-maximal activation of the BK channel were +53 mV, +7 mV and -64 mV for 0.3, 1 and 3 µM internal Ca 2+ , respectively. Therefore, a tenfold increase in [Ca 2+ ] i produced a negative shift of the activation curve by >100 mV. Occasionally the BK channel entered very long closed states lasting several seconds, the probability of which increased with depolarization and [Ca 2+ ] i . These long closed states have been reported previously and were initially interpreted as inactivated [3] or Ca 2+ -blocked [24] states of the channel. More recently, however, they have been shown to result from statedependent block by Ba 2+ present as a contaminant in the experimental solutions [12] .
The BK channel P open increased as a function of [Ca 2+ ] i accordingly with a K 0.5 of 1.3 µM and Hill coefficient of ≅3. This Ca 2+ sensitivity is consistent with that observed in most neuronal preparations; however, it is about one order of magnitude smaller (the K 0.5 about tenfold higher) than that found in vascular smooth muscle cells [5] . The lower Ca 2+ affinity of neuronal BK channels appears to be due to the lack of the β-subunit that smooth muscle cells have associated with the α-subunit in a 1:1 stoichiometry [15] . The β-subunit has in fact a marked effect on BK channel activity, decreasing up to tenfold the [Ca 2+ ] i to obtain half-maximal activation of the channel [15, 26, 31] . Open and closed time distributions, determined from analysis of steady-state kinetics of the channel, were fitted by the sum of two and three exponential functions, respectively, indicative of multiple open and closed states. Given the resolution of our recording system and the number of open and closed intervals included in the analysis, this result is consistent with the kinetic analysis of the BK channels in rat skeletal muscle [27] .
The BK channel was inhibited reversibly by external TEA (10-500 µM), ChTX (1-100 nM), and quinine (1-100 µM) and was resistent to block by 4-aminopyridine (1-3 mM) and apamin (0.1-1 µM). TEA applied either internally or externally has been shown to inhibit the Ca 2+ -dependent K + channel with complete block occurring at 1 mM and 5 mM TEA, respectively [41] . Ca 2+ -dependent K + currents (I C ) in mammalian autonomic neurons have also been reported to be inhibited by external application of Ba 2+ (1-10 mM), ChTX (10-100 nM), and quinine (10-200 µM) [16] but were insensitive to 4-aminopyridine (1-10 mM).
Bath application of ionomycin (1-10 µM) to stimulate Ca 2+ influx increased BK channel activity in the cellattached recording configuration. The resting activity was consistent with a [Ca 2+ ] i <100 nM, as evaluated from experiments in excised patches, and the increased channel activity evoked was consistent with a rise in [Ca 2+ ] i to ≥0.3 µM. It has been recently argued, however, that the Ca 2+ dependence of the BK channel P open as obtained from excised patches cannot be used as a reference curve for estimating the [Ca 2+ ] i in intact cells, since BK channels in contact with the intact cytoplasm show a Ca 2+ dependence markedly different to that in excised conditions [30] . In particular, the Hill coefficient which in studies from excised patches ranges around 3-4 [43] 6 µM (given a K 0.5 of 1.3 µM) . Under these conditions, the BK channel would not be a useful Ca 2+ probe. However, in the study by Muñoz et al. [30] 
Functional significance
Although BK channels have an intrinsic voltage sensitivity, their function is to hyperpolarize the cell following a burst of action potentials or single action potentials of sufficient duration to raise cytoplasmic Ca 2+ levels. Macroscopic Ca 2+ -activated K + currents (I C ) have been studied in rat sympathetic and parasympathetic ganglion neurons [1] . Activation of I C contributes to action potential repolarization and the AHP: blockade of I C by TEA or ChTX slows action potential repolarization and reduces the fast AHP in a number of neuronal preparations [1, 37] . The increase in action potential duration and inhibition of AHP amplitude by TEA and AHP duration by ChTX are consistent with BK channels contributing to the action potential repolarization and AHP. The differential effects of TEA and ChTX on the AHP characteristics suggest that more than one type of Ca 2+ -activated K + channel underlies the AHP in rat intracardiac neurons.
The precise source of Ca 2+ for BK channel activation remains unclear, except for the notion that Ca 2+ entry through voltage-gated Ca 2+ channels would activate them. Inhibition of Ca 2+ influx through voltage-gated Ca 2+ channels by extracellular Cd 2+ reduced the AHP amplitude but did not appreciably affect the action potential or AHP duration in neonatal rat intracardiac neurons. Cd 2+ block of the TEA-sensitive (ChTX-insensitive), fast AHP but not the ChTX-sensitive, slow AHP suggests that Ca 2+ influx may not be necessary for activation of the BK channels underlying the slow AHP. Investigations of the activity of Ca 2+ -activated K + channels in cell-attached patches in hippocampal neurons show that the BK channel is selectively activated by N-type Ca 2+ channels, whereas the small-conductance Ca 2+ -activated K + (SK) channels, whose activation underlies the slow AHP, is activated by Ca 2+ influx through L-type Ca 2+ channels [22, 29] . These observations support the concept of submembrane Ca 2+ microdomains and the co-localization of voltage-dependent Ca 2+ and Ca 2+ -activated K + channels, to explain the specificity of coupling between ion channels, and avoidance of cross-talking among specific cellular processes. Entry of Ca 2+ can activate selectively the BK but not the SK channels, and vice versa, in spite of the comparable Ca 2+ sensitivity of the two types of Ca 2+ -activated K + channels [11, 33] . Given the steep relationship between BK channel activation and [Ca 2+ ] i , modulation of Ca 2+ influx and consequently of the [Ca 2+ ] i at the active sites could effectively contribute to the shape of the action potential, AHP and firing behaviour through modulation of the BK conductance [10, 34] . Further studies are required to examine the sources of Ca 2+ underlying the activation of the BK channels contributing to the fast (TEA-sensitive) and slow (ChTX-sensitive) AHP in neonatal rat intracardiac neurons.
